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Abstract
With the increasing demanding of bandwidth in information technology, electronic
connections meet the limitation in high speed processing in shorter and shorter reach. In the
work, three markets for optical connection with different reach, which range from 10km down
to 1 meter, have been discussed.
The 10km market denotes for the LAN standard and would mature soon. For the 100m range,
active cable has emerged to meet the requirement and would penetrate the market soon. The
detail analysis would be addressed on 1-10 meet market, where electronic cables have just
met the limitation. Cost modeling and business plan has been conducted. After that, the
conclusion and suggestions would be made on that reach.
Thesis Supervisor: Lionel C. Kimerling
Title: Thomas Lord Professor of Materials Science and Engineering
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Chapter One: Introduction
With the booming of Information Technology in twentieth century, it is hard to image living
without computer, even internet connection nowadays. On the other hand, because of the
increasing demand of data transformation, higher and higher bandwidth is required in all
kinds of application, such as security control in company networking, advanced resolution in
entertainment devices. On the way towards larger and larger bandwidth, current electronic
based technology has met the limitation, for example, RC delay between each connector,
power consumption caused by induction and radiation.' Hence, the adoption of optical fiber
appear from long distance communication gradually down to the transmission within several
meters. As we can see, the telecommunication between the continents is realized by optical
fiber only and people are using optical based technology into Ethernet nowadays. All of these
replacements happened because electronic devices cannot provide the transmission capacity.
The graph below shows the capacity for data transmission between electronic connection and
optical connection.2
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Fig. 1.1 Bandwidth Difference between Electronic Connection and Optical Communication.
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With the high bandwidth distance product, the optical components have already shows the
ability in communication over long distance above 1 kilometer. Furthermore, components
with high bandwidth are keeping reported. For example, the Line Rate for Fiber Channel has
been modified from 1Gbps all the way to 10 Gbps within 10 years. Also, the laser and PIN
detector working above 100 GHz have been announced separately. On the other hand, with
the packaging technology for parallel transmission, it is no doubt that 100 GHz capacity of
optical connection can be realized. Currently, CTR works on the replacement using optical
technology into shorter distance which can be illustrated using the following table.3
MAN/ Short
Name WAN LAN SAN Cable Inter PCB Intra PCB
Length (L) >1km -lkm 10-300m 1-10m 0.3-Im <0.3m
Internet Fiber
Standard Protocol Ethernet Channel Developing Developing Developing
Use of
Optics since 1970s since 1980s since 1990s <2013 2011-2015 after 2015
Mature
Market until 1990s until 2000s -2010s N/A N/A N/A
Start Speed
(F) 56Kbps 10Mbps 1.0625Gbps -10Gbps N/A N/A
10 100 0.1
F*L 1 Mbps*km Mbps*km Mbps*km Gbps*km N/A N/A
Table 1.1 Specifications for market with different reach.
According to the graph, the substitution process would undergo first adoption, further
improvement and then achieve mature market. This work would focus on the distance ranging
from LAN to short cable. By discussing the mature market, LAN, and SAN, which needs
further improvement, the analysis and prediction of Short Cable area would be addressed in
detail. The start speed for optical connection in Short Cable is set as 10Gbps since USB 3.0,
which aims at 4.8 Gbps is under research nowadays and would be commercialized soon.
-7-
Nevertheless, as mentioned before, the higher transmission speed can already be obtained if
parallel components are packaged together.
-8-
Chapter Two: Technology Overview
As discussed above, the replacing process would happen gradually from long distance range
to short distance, which means there would be a long period when both electronic and optical
components coexist. Since the signal transferred on these two kinds of connections are totally
different, high and low voltage versus magnitude of light, the communication between them
remains to be the key problem. Currently, the signal would be modulated into the other form
by optoelectronic transceiver.
Fig. 2.1 Structure for Typical Transceiver.
Basically, a transceiver consists of four parts, optical source, photo detector, electronic
modulator and power control. When the optical signal is transferred from an optical fiber to
transceiver, the photo detector would receive the light and change the optical variants into
voltage variants into the circuit. On the other hand, when the electronic signal comes in, the
modulator would dictate the optical source and send out the correct data. Hence, the signal is
switched between two forms. The electronic modulator and power control, which is just the
circuit, can be easily realized by current electronic technology. The key consideration lies in
the optical part, both optical source and photo detector. On the other hand, since transceiver
also stands for the combination of electronic and optical technology, the packaging process
-9-
appears to be another problem. All of these would be addressed carefully here. The following
graph shows the schematic diagram for transceiver with parallel devices.
Fig. 2.2 10Gbps Transceiver with 4 Parallel Transmitter and Receiver Pairs of 3.125Gbps each.
The current technology has proved the transmission capacity with 10Gbps each, which means
the 40Gbps in total.
2.1 Optical Source: Laser Technology
The purpose for optical source is to translate the electronic signal into optical light, which
fulfill the job in transmitter. Due to the advanced technology of semiconductor industry,
current semiconductor laser diode, which can be fabricated consisting with standard CMOS
integration process, is used as optical sources. And this provides the convenience for adopting
optical connections in short range transmission. LED'2, Edge-Emitting Laser (EEL)'3 and
Vertical Cavity Surface Emitting Laser (VCSEL) 14 are the three players.' 5
Specification EEL VCSEL
Application Telecom Datacom
Active Region Confinement 300*400*0.07 3*3*0.07
Modulation Frequency 20GHz 120GHz
Threshold Current 20mA 0.5mA
Output Power 45mW 0.17mW
Power Efficiency 0.89A/W 11.76A/W
Table 2.1 Key parameters for optical sources.
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Since the modulation frequency of LED is too slow for the communication in short range, the
table above only shows the relationship between EEL'6 and VCSEL. Since the attenuation is
relatively small in optical fiber, the key consideration for optical source in short reach
transmission would be the threshold current and the modulation frequency. Both of them are
determined by the size of active region. With decreasing the active layer, the loss would be
small, therefore, threshold current is reduced and the transmission frequency would increase
significantly." Hence, the modulation frequency would be higher for VCSEL than EEL. And
the currently 100 GHz transmission rate with single optical source has been reported using
VCSEL structure. For three kinds of light sources, the key difference is due to the
confinement of the active layer, which controls the volume of it. All of three structures would
be discussed next.'"
2.1.1 Light-Emitting Diode (LED)
Fig. 2.3 Advanced LED structure.
As showed above19, LED is just a simple pn junction structure. When current goes through the
layer structure, some electron would be excited into the conduction band while leaving the
holes there. When the electron on the conduction band combines with the holes in the valence
band, the extra energy is released in the form of photon and hence resulting light.
-11 -
The key point for LED is the large emitting area. Since there is not any confinement on the
structure, the light can come out at any position with all kinds of energy and the production
cost can be very low. This leads to the high power output for LED structure although the
efficiency could be very low. However, the large output makes LED suitable for the
application in the area requiring high intensity, such as lighting and large screen display. On
the other hand, this also results in main disadvantage in high frequency modulation, which is
the alternative for electronic technology. Such a wide range of light leads to the difficulty in
reaching equilibrium. Thus, the modulation frequency is very slow for this structure.
2.1.2 Edge-Emitting Laser
In order to increase the modulation frequency, the emitting area should be confined. Thus, the
threshold current can be reduced.
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Fig. 2.4 Structure for Edge Emitting Laser
The above picture shows the basic layer structure for Edge-Emitting Laser. An active layer is
sandwiched by the cladding layers. Usually, the active region would have a smaller bandgap
compare to the confined layer. And certain layer would be deposited in the side of active layer
for current confinement in lateral direction. With the current confinement, the spectral
distribution is narrowed and the device can be switched faster. Similar to LED, the active
region is not too small to provide high power supply. However, this also leads to the relatively
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higher power output than VCSEL. With both considerations in power output and modulation
frequency, this is the current technology for Telecommunication.20
On the other hand, again, the large active area compare to VCSEL makes edge-emitting laser
slower. Furthermore, since the light comes out on the edge of laser diode, it is hard to get the
high integration rate.
2.1.3 Vertical Cavity Surface-Emitting Laser (VCSEL)
Since one of the key concern in short range transmission is the modulation frequency, the
practical structure is VCSEL and small threshold current consist with the small active area has
been realized in VCSEL structure.2 1
Electrode
Ught Output
ii>
Fig. 2.5 General Structure for VCSELs.
According to the picture, the active layer is sandwiched by two Distributed Bragg Reflectors
(DBRs). With the highly selectivity of DBR mirror, the line width can be decreased to several
Angstrom. The active area is further reduced by lateral oxidation confinement. Usually, the
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active layer contains only several quantum well structures. By this technology, the threshold
current can be reduced to as low as several p4 . And the modulation frequency of 100 GHz
has been realized.22
On the other hand, another benefit from this structure would be the high integration rate. The
lateral area is in the range of tens ,n times tens In, which shows the potential in parallel
processing. The later discussion on packaging provides the technology in increasing the
bandwidth in this method.
2.1.4 Monolithic Technology
Another key consideration lies in optical source is the size of the transceiver. As one can see,
it would be more attractive if the size of transceiver can be decreased simultaneously with the
transmission range. And some promising results have been reported recently.23
~~1~5 ~
Fig. 2.6 Monolithic Optical Source on Si substrate with CMOS technology.
This device is built on the Si substrate which can be fabricated using traditional CMOS
processing techniques. Although only the LED has been realized so far, due to further
improvements on the defect aspects, EEL and VCSEL integration is expected.
-14-
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2.2 Detectors for Optical Communication
Detectors demodulate optical signals into electrical variations, which is the key part for
receiver. Then the electrical signals are subsequently amplified and further processed. For
such applications, the detectors must satisfy stringent requirements such as high sensitivity at
operating wavelengths, high response speed, and minimum noise. Furthermore, the detector
should be compact in size, use low biasing voltages, and be reliable under operating
conditions. Currently, PIN photodiode are most commonly used in optical fiber processing
systems.24
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Fig. 2.7 PIN photodetector structure.
Here is the schematic diagram for PIN photo detector.25 The photon absorbed in the 'i' region
would generate electron hole pairs. With voltage bias, they are attracted to opposite direction
and cause the electronic variants.
Conventionally, the photo detector is just a Si based p-i-n junction, which limits the
modulation frequency due to low electron mobility. Some people pointed out the solution in
improving the electronic structure, so called spatial modulated LED (SML). The structure is
showed below.26
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Fig. 2.8 Periodic Structure of Electrodes in SML.
The reason for slow modulation frequency is partially due to the slow diffusive carriers which
most excited in the substrate. With the periodic structure, the final signal is produced by
subtracting the signal in covered area from that in uncovered place, hence, removing the
effects caused by slow diffusive carriers and increase the transmission frequency.
Nevertheless, although this can increase the transmission rate, the value cannot reach very
high.
Recently, Ge on Si structure is developed to use Ge as the intrinsic layer which aiming at
improving the mobility.
Cor*ct to bottom
p+layer
Opical
input
(a) (b) (c)
Fig. 2.9 Schematic diagrams showing different waveguide-detector coupling schemes: (a). evanescent
coupling, waveguide on top of the Ge detector; (b) evanescent coupling, waveguide at the bottom of
the Ge detector; and (c) butt-coupling scheme, output end of the waveguide directly inputs to the
detector.27,28
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This structure handles the mobility problem directly. Since Ge has higher mobility, the
modulation rate of 10 GHz has been achieved. This technology is very attractive since it can
be fabricated using existing CMOS technology.
Specification Ge on Strained Silicon SML
Mechanism Higher Mobility Electronic Signal Control
Operating Frequency >IOGHz 3.125GHz
Operating Wavelength 850nm- 1550nm 850nm
Responsivity 0.5A/W 0.07A/W
Table 2.2 Comparison of Two Technologies.
The above table shows the improvement caused by both technologies. And higher modulation
frequency would be expected if the Ge on Strained Silicon technology can also improves the
electronic structure.
-17-
2.3 Logic and Drive Circuitry
Silicon SI Ge *O -niGaA
Fig. 2.10 Proposed structure for transceiver packaging.
Electronic modulator and power control units are all deposited on the same chip.2 The general
arrangement and the design are showed above. The amplifier is used to increase the electronic
signal obtained from optical fiber.
- 18-
2.4 Packaging Technology
Since all the components discussed above should be aligned and assembled into one small
box, this process is very critical for the manufacturing.29 For the LAN and SAN, TOSA,
ROSA standards are adopted to align the products. However, with decreasing transmission
length, the suppliers are trying to assemble the transceiver together with fibers, such as active
cable. By this means, the size of the product can be reduced and the alignment problem,
which causes low yield, would be avoid and the manufacturer only need to handle the
electronic part. This can also decrease the cost and it would be the trend for short distance
transmission. Below shows the general picture for TOSA and ROSA packaging standard.3"
Fig. 2.11 TOSA ROSA subassembly.
Next part would introduce
transceiver and the proposed
short cable area.
the general packaging process for current commercialized
packaging structure which would be adopted as the product in
-19-
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Fig. 2.12 General Packaging Process for Current Transceiver.
Either TOSA or ROSA packaging is produced first and then encapsulated into the discrete
optical source or photodetector modules. Finally, all of the components are put on same
substrate and form the product.
Another promising packaging technology would be the parallel assembly techniques.3
- soen
Fig. 2.13 Parallel Packaging of VCSEL.
Since the light of VCSEL comes out vertical to the surface, it would be easy to package them
- 20 -
b
in parallel and 120GHz transmission rate is realized in this structure as mentioned before.32
Furthermore, another promising packaging technology would be addressed as MOST standard
technique here.
· •,"
VCSce
"p~C4W
IJ_, MA
Fig. 2.14 MOST Standard Packaging Process for Short Reach Transceiver.
The advantage for this technique would be the smaller packaging size as the pins are vertical
to the optical cavity. And the price would be relatively lower.'o
-21 -
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Chapter Three: Optical Communication in LAN
LAN denotes the communication range around 1 kilometer. As discussed in the first chapter,
the usage of optics in this area has started in the mid of 1980s and would be mature soon.
3.1 Basic Technology
In LAN, Ethernet Standard is adopted. The operation speed has increased from 10 Mbps at
first and increase to 10 Gigabyte Ethernet (10 GbE) nowadays. Since the modulation
frequency has such a large range, LED is applied for low frequency modulation while VCSEL
has come to replace it for large bandwidth. Furthermore, as mentioned before, besides the
component variants, packaging results in a lot of possibilities, such as pin numbers, reach,
power and so on. All the parameters lead to different design for the final product. And this
makes the market analysis important.4
Technique Category Specification
Network Standard SONET/SDH, Ethernet, Fiber Channel...
Form Factor XENPAK, XPAK, X2, XFP, SFP+...
Emitter VCSEL, FP Laser, LED...
Wavelength 850nm, 980nm, 1310nm, 1550nm...
Mode SMF, MMF, CWDM, DWDM
Table 3.1 Variants for Optoelectronic Transceiver
Furthermore, the connector type, reach and other parameters also increase the diversity of the
products. This would lead to the fierce competition between all the suppliers for optical
connections and finally rule out the small one.
- 22 -
3.2 Market Analysis
The analysis of LAN, which has experienced a tough time until mature, would instruct the
future penetration of optical components into shorter distance market. Usually, for a young
market to mature, it should undergo take off phase, overshoot phase, cooperation phase and
standardization phase. The LAN market follows the theory very well.
In the first stage, with the high bandwidth distance product and increasing demands for fast
modulation frequency, hundreds of suppliers jump into the market. They provide their own
products since the market is so huge that each of them can make profit with only a small share
of the market. However, when the market saturates, it turns out that different standard
products cannot work with each other and the remaining one have no place to sell. Then the
bubble explodes in the overshoot phase and the market shrinks significantly after 2001 and
the economics of scale cannot be achieved for each supplier. Thus, the idea of standardization
is pointed out and big companies cooperate with each other while the small ones are hard to
live. Within these years, a lot of work has been done on the standardization process of
transceivers in LAN. Hence, it would be possible to learn the current state of the market by
checking the standardization process of transceivers.
Speed
(GB/s) Avago Finisar Emcore JDSU Mergeoptics Total
0.155 149 51 N/A 4 N/A 204
0.622 83 37 N/A 4 N/A 124
1 81 21 2 0 N/A 104
2 24 53 6 4 N/A 87
10 7 18 8 12 30 75
40 1 1
Table 3.2 Current Standardization state for optical connection in LAN.
The table only shows the current product for 5 major suppliers, Avago, Finisar, Emcore,
JDSU and Mergeoptics. It should be mentioned that, during the early time for opto-electronic
transceiver, there are around 200 companies with transceiver products. If each has only five
products, then the total number would be significant. This means the products for low speed,
-23 -
155 Mb/s and 622 Mb/s, should have a great variety. On the other hand, since the 40 GHz
technology has not been mass produced, the number for 40 GHz product cannot show the real
trends for that. However, with the small number of suppliers in the market, it can be
concluded that the standardization would be realized soon. The gentle slope of the curve
below also shows the standardization has been realized. This means the maturity of market as
well as the successful penetration of optical connection in this range.
0.155 0.622 1 2 10 40
Speed (Gbps)
Fig. 3.1 Standardization trend, which shows the mature market.
-24 -
Chapter Four: Optical Communication in SAN
Optical connections entered SAN market in mid 1990s, when the electronic counterpart meets
the limitation in this area as well. Although it is a younger market than LAN, the cooperation
between the suppliers have already been built due to the maturity process of LAN. Thus, a
successful penetration of market can be expected.
4.1 Technology
Conventionally, the transceivers combined with optical fibers are used to do the job. However,
in Auguest 2007, Luxtera reported their Active Cable product, Blazar, which attracts the
interest in this field.
Active Cable denotes for the combination of optical fiber and opto-electronic transceiver. One
of the biggest problems for transceiver is the alignment problem. Since a small variation
between the transmission channel on optical fiber side and the receiver on transceiver would
cause a big power loss during the transmission, people paid a huge effort to address it, such as
creating standard.5'6
Fig. 4.1, Active Cable products.
However, in active cable, the optical connector would be buried in the assembly with copper
wires, which avoids the connection alignment between fiber and transceiver. This technique
- 25 -
reduces the cost for optical connection a lot and can get higher bandwidth as well as sufficient
reach for SAN. On the other hand, this also predicts the trends for short range optical
connection, which is small size with higher integration.
4.2 Market
In June 17, 2008, Luxtera Inc., the world leader in Silicon CMOS Photonics, announced that
its 40 Gigabit Optical Active Cable (OAC), Blazar, is under evaluation by a number of Tier 1
OEMs in high performance computing, enterprise and proprietary interconnect markets.
Luxtera is also showcasing the product in the Mellanox Technologies booth at the
International SuperComputing Conference. Enterprise datacenters and HPC users gain 2x
throughput and over 3x reach using Luxtera's Blazar versus existing multimode fiber based
interconnect. Users also gain 4x density improvement with one QSFP connector taking the
same space as four XFP connectors. On the other hand, Finisar also announced their active
cable, Laserwire this year. And other companies are working on their own products as well.
Similar to all the other market, the market in this range should also take a period to mature.
However, since big companies are all starting to develop the technology of Active Cable and
the cooperation would help to establish the standard efficiently, it is reasonable to believe that
active cable would penetrate the market with high bandwidth and low cost. Of course, it takes
some time, but would be realized follow LAN market.
-26 -
Chapter Five: Optical Communication in Short Cable Connection
As mentioned before, with successful penetration in long reach communication market, it is
the right time to analysis the market and strategy for the connection in this range. Like the
same barrier faced with Ethernet and Fiber Channel, the current electronic connections would
be the competitor to optical connections. On the other hand, similar to all the previous market,
the optical technology would overtake the electronic devices by the advantages in high
bandwidth and low power consumption as long as the electronic connections meet the
limitation. This chapter would compare the specifications of optical and electronic devices
followed by some consideration of the trends for this market. 33
5.1 Current State for Processing Speed
Usually, all the replacements start when the old technology cannot meet the increasing
requirement. Hence, the first thing is to judge the current state for process speed and
determine whether the replacement has to be conducted.'
8.00
7.00.
6.00.
5.00
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1.00-
0.00
1999 2001 2003 2005 2007 2009 2011 2013 2015
Year
Fig. 5.1 Current state for processing speed.
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Based on the prediction of ITRS, the current speed for transmission already reach 4.9GHz and
would increase by a 8% CAGR annually. According to the analysis, the processing speed
would achieve 6 GHz in 2011.
5.2 Limitation for Electrical Based Short Cable
In this distance range, there are several kinds of cables for electrical signal transmission, such
as two-wire open line, twin lead, twisted pair34, shielded pair and coaxial cable"3 . Each of
them would have the thermal loss due to the heat dissipation, while some of them also cause
high radiation loss and dielectric loss. Among them, coaxial cable has the lowest loss as well
as the highest transmission frequency. The latter discussion would base on coaxial cable
model.
4-
Fig. 5.2 Structure for coaxial cable.
The above picture shows the structure for coaxial cable. The inner conductor is surrounded by
dielectric layer, which prevents the leakage current. In order to minimize the radiation loss,
another conductor is made to cover the whole inner core. During the transmission, two current
with same magnitude but opposite direction pass on the two conductors separately, which
shields the electromagnetic wave in the outer space.
For the bandwidth of coaxial cable, the lower cutoff frequency would depend on whether the
phase matches with the load while the upper cutoff frequency depends on the power
-28-
attenuation. Furthermore, with higher frequency, the size of coaxial cable should increase to
reduce the resistance due to skin effect. Generally, in order to work on high frequency, the
radius of coaxial cable should be increased which would result to the consideration in
dimension of the connection. Based on the lossy two conductor transmission line model,
including all the consideration above, the bandwidth has been calculated.
0:
0
07
Distance (m)
Fig. 5.3 Speed limitation for coaxial cable in short cable range.
According to the simulation, the maximum reach for 5 GHz is less than 4 meters. However,
with further increasing transmission rate, the reach would not be affected a lot. The simulation
assumes that the loss during the data transfer is 1 dB per meter and the match loss is equal to
1 dB as well. The details would be explained in the appendix. The results may be not exactly
correct but it shows the reach of electronic cable has been limited to 4 meter. Without the
capacity to meet the higher requirement, the replacement should be taken now.
-29 -
5.3 Specifications for Optical Connection
The case for optical fiber is totally different story. Due to the work in 1970s, the loss of
optical fiber can already be omitted in this range and the only limitation for the bandwidth is
due to dispersion. However, the dispersion problem would not limit the bandwidth under well
usage.8
5
4
3
1
0
0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1•e 1
Wzwelength (mirrometers)
Fig. 5.4 Loss on optical fiber.
I
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The detail would be discussed in the appendix.
:
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Fig. 5.5 Speed limitation for optical fiber, 10' larger than coaxial cable.
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The general bandwidth of optical fiber can be showed below. The ideal limitation for optical
fiber would be above 109 GHz/cm2. However, the commercialized product would not function
in the maximum value. Nevertheless, the bandwidth for commercialized optical fiber can
reach 106 GHz/cm 2 easily. The following graph shows the bandwidth in current used three
wavelength range.
4.J
2.25
2.2
x 10"
e 842 844 846 8 % ngtiWavelength. (4m) •8 64 858 85 860
Fig. 5.6 Bandwidth/cm 2 of optical fiber in 850nm window.
x 10
Wavelength (rm)
Fig. 5.7 Bandwidth/cm 2of optical fiber in 1330 nm window.
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5.4 Peripheral Component Interconnect (PCI) express standard
PCI is the standard for interconnection between PCB with the peripheral components. First
PCI standard is designed to support a data rate 250 Mb/s in each direction." Generally, 8
lines would be used in parallel to provide a 2 GB/s speed although 16 lines would be install
together. The PCI bus has served us well for the last 10 years and the next generation, called
PCI express has been released in 15th, Jan. 2007, which double the speed of PCI standard. In
order to meet the explosive demand for high processing speed, PCI express 3.0, aiming to
double the speed of PCI express, is under research and the final specification is due in 2009.
PCI express is an electronic based standard which can easily reach the limitation of coaxial
cable." This builds a large barrier for optical counterpart to penetrate the market. However,
PCI express 3.0 would include transmitter and receiver component to meet the requirement
for high process speed. The PCI SIG predicts that 'final PCI express 3.0 specifications,
including form factor specification updates, may be available by late 2009, and could be seen
in products starting in 2010 and beyond.' 9
5.5 Opportunity for Optical Short Cable
Since the electronic cable would face the limitation in this distance range soon, the optical
alternative would be adopted here. However, currently, there is no such a huge market to
reach economic of scale for optical connection. The best strategy is waiting for the release of
PCI express 3. With the usage of optics in the back plane, the economics of scale can be
achieved easily and the products can be mass produced. One of the specific alternatives would
be optical based USB. The next chapter would analysis the USB market when the economics
of scale is achieved.
- 32 -
Chapter Six: USB Market Analysis
Following the above discussion, USB standard would be one way to start the replacement in
1-10 meters data transmission. This chapter would address the optical based USB market
when PCI express 3 is released and it is based on optical standard.
First of all, because of PCI express, it would be very difficult for optical component to
penetrate into the market, which is 5 GHz within 3 meters. The possible way would be
achieving the higher speed, like 8-10GHz in 1-3 meters, or longer distance as 5 GHz in 5-10
meters. On the other hand, currently, there is no huge market for high transmission
requirement, like 5 GHz in 5-10 meters, which is not sufficient to reach economics of scale.
For the distance longer than 10 meters, active cable already realized the application. Hence,
the reasonable way for optical standard USB port would be achieving 5 GHz and waiting for
the release of PCI express 3. With the integration of optical based port on the back plane, the
economics of scales can be achieved easily. The following analysis would address the
standard on 5 GHz specification and the technology is already there. 9
The other key consideration would lie on the packaging method of optical USB port. In order
to fit the size of current USB port, the packaging cannot adopt the same way as used in LAN
or SAN, which is usually 5 cm in length. Two methods for packaging would be discussed here
and followed by the business plan.
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6.1 Packaging Technology
6.1.1 MOST standard
MOST, Media Oriented Systems Transport, a communication system is developed to meet the
entertainment, road guidance and some other requirements in automotive industry. It has
specified all kinds of media details in the car for the convenience of car producers.'o
Attachment Pins Cover
BPP1
- plfieD
Amplifier
i i I I
Ferrule (Rx) I J ' I
Fig.6.1 MOST standard packaging method.
The above shows the structure and process of MOST standard for optical connection in the
car. In that case, the reach would be around 20 meters, which is just nice for the target here.
The optical Transmitters and Receivers are packaged separately on the substrate with IC chip
for control as well as 4 pins for connection. Then they would be aligned and assembled to
form a standard port. Finally, the pins would be attached to the PCB and come out the product.
However, the transmitter and receivers used here is LED and low frequency PIN detectors,
which is just for low speed modulation. For the USB port here, VCSELs and advanced
technology of photo detectors would be adopted in the package and increase the modulation
frequency.
6.1.2 Monolithic Method
Another packaging method would base on the monolithic deposition technology of silicon
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and III-V material. A lot of researches have been done on fabricating III-V materials on
silicon wafer, which would combine two most advanced technologies and increase the
integration rate.
Currently, deposition of III-V LED on silicon wafer has already been approved as discussed
before and the results can be illustrated below."
Specification Technology Practical Value Research Value
Optical Source VCSEL 12.5 GHz 120 GHz
Photo Detector Ge-Si 7 GHz 20 GHz
Packaging Discrete 120 GHz Not Reported
Table 6.1 Specifications for Current Technologies.
As mentioned before, although VCSEL on silicon wafer has not been realized yet due to large
defect density, this would probably happen within 5 years. And higher bandwidth can be
achieved by improving electronic circuits. Furthermore, the packaging technology for parallel
devices has been reported, which shows the easy way to double or triple the transmission rate.
Hence, it is reasonable to propose the monolithic based packaging here.
6.2 Cost Modeling
Based on the two packaging models, a simple cost modeling of the products is conducted. The
data list is illustrated in details in appendix and the economics of scale would be discussed
here. The difference between two methods depends on the packaging materials and
equipments. On the other hand, the variant in wafer cost is also taken into consideration."39
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Economics of Scale
Fig.6.2 Economics of Scale of MOST standard and monolithic method.
The graph shows that the MOST standard is more expensive than the monolithic method. This
is due to the extra money spent on equipment and materials for difficult packaging process.
And when the annual production volume reaches 200,000 units, the economics of scale is
achieved and the unit cost for Monolithic and MOST standard are $121.64, $170.13
separately. Usually, the yield of monolithic method should be lower than that of MOST,
which is discrete process, because of the difficulty in process. However, the calculation set the
yield of monolithic technology is 7% while MOST is 10%. The value maybe a little bit
different to the real number. Therefore, the yield dependence is conducted here.40
20. 00%o 30. 00% 40. 009/0
Yield
50. 00/o 60. 00%
Fig. 6.3 Yield Dependence of monolithic method
From the curve, the higher yield can decrease the unit price dramatically and the unit price
-36-
$1,400.00
6 $1,200.00
$1,000. 00
0 $800. 000 $600. 00
$400.00
$200. 00
0 0
pv. w
10 60 110 160 210 260 310 360 410 460
Production Volume (000s)
$120. 00
$100. 00
$80. 00
$60. 00
$40.00
$20. 00
$0. 00
10.
I I k I I I J 4 
I I I I I I 
I I I I 1 I 
I k l I I I 
I r l I I I 
i I I t I • 
I • t l I I 
I I I I I I 
I I I I I ]
- 0. 2 Millions - I Millions- 5 Million
//o0
would reach $10 only when the yield achieves 64% and the production volume reaches 5
million. Although the production volume can reach that quantity which would be analyzed
below, it takes a long time to get the higher yield.
Fig. 6.4 Worldwide market for USB enabled devices.
The above figure shows the prediction from instat. And with the novel technology, such as
wireless USB, this market is expected to be even larger than this. From the graph, in 2010,
5% of the worldwide annual shipments would exceed 150 million, which means the bottom
line of economic of scale. Furthermore, according to the report from instate, it takes five year
for USB 2.0 to occupy 50 percent of the total USB market share. And the second year after
the production of USB 2.0, the market share has already exceeded 5% as showed below.
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Fig. 6.5 Market penetration from USB 1.1 to USB 2.0.
With the general trend in information technology that the renovation happens faster and faster,
it is reasonable to foresee a fast penetration speed for optical based USB." Hence, the high
production volume of optical based USB devices can be achieved within five year and the
advanced technology should be applied for high yield to reduce the cost.
6.3 Business Plan
Currently, the price for 4 Gb memory USB and 8Gb memory USB, which are all electronic
based products, would be sold at $60 and $120 each. Excluding the cost for storage
component, it is reasonable to assume the price of optical based USB port, which can function
at 10 Gb/s, to be $30 each. However, this price is relatively low for current technology, which
can only get less than 10% yield. On the other hand, based on the analysis above, in the near
term, the economics of scale would only reach when PCI express 3 is released and adopting
optical interface. It can be expected that the yield at that time would reach larger than 10%.
Although the price is still low compare to the cost and is not suitable for business recently, the
opportunity for optical connection would be promising within 5 years. If the yield is higher
than 20% and the annual production volume can reach 5 million, which is much less than 1 %
of the worldwide market share. Then it is benefit to conduct the business plan.
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Year Fixed Variable Revenue Profit PV
2011 $95.40 $129.40 $150.00 -$74.80 -$74.80
2012 $129.40 $150.00 $20.60 $19.62
2013 $129.40 $150.00 $20.60 $18.68
2014 $129.40 $150.00 $20.60 $17.80
2015 $129.40 $150.00 $20.60 $16.95
2016 $129.40 $150.00 $20.60 $16.14
2017 $129.40 $150.00 $20.60 $15.37
2018 $129.40 $150.00 $20.60 $14.64
2019 $129.40 $150.00 $20.60 $13.94
2020 $129.40 $150.00 $20.60 $13.28
NPV $71.62
Table 6.2 Business Plan for Monolithic Technology
Business Plan
0IU0. UU
$50. 00
$0. 00
( -$50. 00
-opw. 0w
Year
M Present Value of Annual Profit M Present Value of Total Revenue
Fig. 6.6 NPV calculation for proposed business plan of monolithic technology.
The calculation assumes that profit for unit product is less than $3, which is sold at $30. The
breakeven would happen at the fifth year and the total. The total NPV is $71.62 M. With the
higher processing speed around 10 GHz, larger revenue can be expected for higher selling
price. Thus, the revenue would be much larger.
The same analysis has been done on MOST standards. As the discussion above, the cost
would be much higher than Monolithic method and it would be profitable only if the selling
price can be around $120 per unit. Setting the price at $120 and production volume as 5
million as well, the results are showed below.
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Year Fixed Variable Revenue Profit PV
2011 $110.40 $574.65 $600.00 -$85.05 -$85.05
2012 $574.65 $600.00 $25.35 $24.14
2013 $574.65 $600.00 $25.35 $22.99
2014 $574.65 $600.00 $25.35 $21.90
2015 $574.65 $600.00 $25.35 $20.86
2016 $574.65 $600.00 $25.35 $19.86
2017 $574.65 $600.00 $25.35 $18.92
2018 $574.65 $600.00 $25.35 $18.02
2019 $574.65 $600.00 $25.35 $17.16
2020 $574.65 $600.00 $25.35 $16.34
NPV $95.13
Table 6.3 Table 6.1 Business Plan for MOST standard
Fig. 6.7 NPV calculation for proposed business plan of MOST standard.
Similarly, the breakeven point is at the fifth year and the total NPV would be $95.13 million.
However, the selling price is $120 per unit.
6.4 Discussion
According to the analysis above, the proposed business would aim at year 2011, which is one
year after the production of PCI express 3 standard. With the back plane standard integrating
optical port, the economic of scale would be achieved easily for optical based USB and a big
profit can be made.
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Chapter Seven: Conclusion
Three markets, LAN, SAN and short cable have been discussed. The LAN market would be
mature soon while the SAN should go to standardization based on Active Cable technology.
For the short cable range, it is the right period for usage of optics as the cutting edge of
electronic devices is reached in this range. However, there is no high bandwidth demanding
for 5GHz-6GHz in this distance. In order to get the economic of scale, the producer should
wait for the optical based standard released by PCI express 3. Another key issue would be the
yield problem. Since the monolithic technologies have been just reported, the higher yield can
be expected with improvements in a lot of aspects. When the economic of scale and high
yield have been achieved, it can make big profit if only aiming at USB market. The following
is the expected timeline for optical connection in short cable area carried out by this work.
2008 2009 2016 2017 2018
Fig. 7.1 Proposed Timeline for Optical Connection in Short Cable Area.
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Appendix I: Bandwidth Discussion of Coaxial 
Cable
For ultra high frequency function, coaxial is 
the best way for copper interconnection.
Compare to two-wire open line, twin lead and twisted 
pair, coaxial cable has lower radiation
loss while smaller size than shield pair. The structure 
and principle of coaxial cable can be
illustrated as below.
Fig. I 1 Basic structure of coaxial cable.
The core conductor is set the transmission media for 
electronic signal while the outer
conductor is just used to minimize radiation loss. In order to shield the electromagnetic 
wave,
the current with same magnitude and opposite transmission 
direction should flow on the outer
conductor, which can be modeled by two transmission 
line theory as well.41
R L R L 
R L
Fig. 12 Distributed Transmission Line Model for Coaxial Cable
Based on the distributed RLC model with frequency dependence, 
the uncoupled second-order
differential equations are showed below:
d 2Vd2 - k2(S)V = 0
dX2
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d2I2 
- k 2 (s)I = 0
dx2
V and I are the expression for voltage and current on the coaxial cable while k(s) denotes
for the propagation function in frequency domain.
k(s) = (R + sLTG + sC)
Basically, k(s) has both real and imaginary part, representing loss and dispersion separately.
The general solution of the line equation can be written in the so-called 'traveling wave' form:
V(x,s) = V (s)exp(- k(s)x)+ V-(s)exp(k(s)x)
I(x,s) = I +(s)exp(- k(s)x)+ I-(s)exp(k(s)x)= - [V+ (s)exp(- k(s)x)- V-(s)exp(k(s)x)]
Zc
ZC is the impedance. In time domain, it can be showed as:
= R + joL
G + joC
where R, L, G and C represent the resistance of conductor, inductance for conductor,
conductance of dielectric insulator and the capacitance, all of which should consider the
frequency effect. In coaxial cable, they can be calculated as following.
1 couPop(rP 1 1R = --,--°- - + --
ln(R2 R,)
G = 2r'cln(R/IR,)21xoG= In(Ro/ R,)
cw is the angle frequency for the electronic signal, Pr is the permeability of the dielectric
and e, is its permittivity. p is the resistively of the inner conductor and cr is the
conductivity in the dielectric.
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In order to work normally, the load on the transmission line should match that on the
transmission line. Usually, at high enough frequency,
R + _ j_ L jmL L
C G+joC joC C'
which is a constant. Hence, the boundary frequency to let Zc almost equal to constant
defines the lower cutoff frequency.
3.25
3.2
3.05
0 2 4 6 8 10 12 14
Frequency (Hz) x 104
Fig. 13 Lower Cutoff Frequency of Coaxial Cable due to Impedances Mismatch
The above picture shows the frequency dependence of impedance. The value saturates above
certain frequency and this is the work region for transmission line.
On the other hand, the loss on transmission line by coaxial wire increases while the frequency
increases. As mentioned before, the real part of the propagation function would describe the
loss on the transmission.
k(s) = V(R + jcoL)(G + C
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The magnitude of k(s) is proportional to w, which shows the large loss when working on
high modulation frequency. If consider a sinusoidal wave with radian frequency co, the result
in time domain can be obtained by replacing parameter s with jc. Finally, voltage and
current in time domain can be calculated and the power attenuation is obtained as following:
P,
-= exp(-27z) ,
where y is the real part of propagation function and is called attenuation factor. If consider
the transmission for 10 meters, 3dB would equal to y = 1/20 = 0.05 for ideal case. This
would define the upper cutoff frequency which is usually illustrated as below:
Frequency :(Hz) x 107
Fig. 14 Upper Cutoff Frequency for Coaxial Cable due to Attenuation
The attenuation factor increases monotonously with frequency. With lower requirement on
transmission distance, attenuation can reach larger value. Thus, the upper cutoff frequency is
defined in this way and the bandwidth is just the range between the lower and upper cutoff
frequency.
However, the real case cannot be the ideal one and the attenuation is modified as following.
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5
= A exp(-2pz -Bz)
where A denotes for factor of the matching loss and B for unit transmission loss on the cable.
Based on the parameters of current products, matching loss is set as IdB and transmission
loss is set as IdB/m as well. Hence, both A and B are calculated in that way.
For the simulation here, copper is chosen as the conductor and dielectric material is adopted
polyethylene. All constants in the simulation are written in the following table.
Constant Value
Resistively of Copper 16.78 x 10-' nn -m
Conductivity of Polyethylene 10-14 -o1m-1
Relative Permeability of Polyethylene 1
Relative Permittivity of Polyethylene 2.26
Table II Constants Used in Calculation
At first, relationship of bandwidth with dimension of the cable is calculated and the
transmission distance is set as 3.6 meters first. The following graph shows the general
dependence between them.
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Fig. 15 Dimension Dependence on Bandwidth/cm 2 for Coaxial Cable
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The x-axis and y-axis shows the ration between the ratio of two conductors while the z-axis is
the bandwidth of the transmission line. From the graph, it can be concluded that the
bandwidth saturates when radius of inner conductor becomes large. This can be explained by
skin effect. As the frequency becomes large, the current would travel only on the surface of
the cable other than the whole line. Hence, no matter how large the radius of cable is, the
effective transmission region is fixed.
2
Ri(mm) Q.5 Ratio (Ro/Ri)
Fig. 16 Detailed Dimension Dependence on Bandwidth/cm2 for Coaxial Cable
The above picture is the zoom in calculation of the dimension dependence on bandwidth and
the range of dimension is based on the current products. It shows that the bandwidth has a
maximum value with increasing of the radius of outer conductor. The reason can be illustrated
as following. If the radius of the dielectric material is too small, the capacitance between inner
and outer conductor would have a big effect on the attenuation. On the other hand, the
shielding function of the outer conductor is not effective when the dielectric is very thick.
Furthermore, the dimension dependence on the bandwidth would not be affected by the
transmission distance, which means the maximum value would appear at certain Ri and Ro.
Therefore, the simulation later is conducted according to the best dimensions, which are 2.2
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mm and 3.6 here.
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ig. I7 Bandwidth versus Distance.
The above curve shows that the bandwidth decrease significant when transmission distance
increase. Furthermore, when the distance is larger than 3,25 meters, the coaxial cable cannot
function above 8GHz, which would be the penetration bandwidth discussed in the work.
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Appendix II: Bandwidth of Optical Fiber
Both attenuation and phase matching of optical fiber would be conducted as in the coaxial
cable case.
tncex of refraction iut ulse outt aulse
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Fig. III General Profile for Optical Fiber
Usually, the optical fiber consists with the inner core and the cladding layer. The mechanism
for transmission is due to total reflection. Depending on the profile of optical fiber, different
model is traveling in the fiber. The model function can be calculated by
1 2
I  02HVn E 601jon =0
H+ nH 0o2 x8t 2
Then the loss and dispersion of each model can be obtained and compared.
In order to use the optical in long distance transmission, a lot of work has been done to reduce
the loss on optical fiber. Currently, the optical fiber can already be used in long distance
transmission, which shows the ultra low attenuation on the fiber.42
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The above graph shows the improvement process of optical fiber. As the unit used here is
dB/km, which means the loss in 1-10meters can be neglected. Hence, the only limitation lies
on the phase matching part.34
Therefore, the key consideration of optical fiber is the dispersion. There are two kinds of
dispersion, material dispersion and index dispersion. The material dispersion is caused by the
different refractive index to different wavelength on the same fiber while the index dispersion
is caused by the wavelength it self. On the other hand, they disperse the wave in different
ways, in specifically, opposite ways. The material dispersion usually causes the longer
wavelength part to travel faster than the shorter ones while the index dispersion leads to the
opposite effect. Hence, they compensate to each other and result in even smaller dispersion.
For normal silicon step index fiber, they cancel each other in the region around 1.3
micrometers.
The details of index fiber is calculated and discussed below. The parameters are listed in the
table below.
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Parameter Value
Refractive index of inner core 1.4508
Refractive index of cladding 1.4469
Diameter of inner core 4.1 u m
Table III Parameters for index fiber discussed below.
According to the analysis, the material dispersion and index dispersion is calculated using
following equation.
Ar 1 d2n
D, LA 2= c x 10 9 ps / kmnmLAAo Aoc (A0 dA 2 )
D 1 =- (-2  VdV2 xl07psl km -.nm320 dV2
D, = D. + D,
Where V is normalized waveguide parameter and b is normalized propagation constant.
E
C
Wvelength (urn)
Fig. 113 Dispersion on Optical Fiber
The above picture shows three kinds of dispersion on the curve and the frequency limitation is
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just the inverse of dispersion, which is showed in Chapter 5. Here shows the bandwidth for
this fiber in the commercialized transmission band.
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Fig. II4 Bandwidth for 850nm window.
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Fig. II5 Bandwidth of 980nm window.
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Fig. 117 Bandwidth of 1550nm window.
It can be concluded that the bandwidth can easily reach 106 GHz/cm 2*km.
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Appendix III: Cost Modeling Analysis for Optical Based USB
Product
The detail cost modeling is illustrated below.
Production Production
Volume mono MOST Voolume mono MOST
10000 $1,027.94 $1,218.93 490000 $93.41 $137.46
20000 $550.94 $666.93 500000 $93.02 $137.01
30000 $391.94 $482.93 600000 $89.84 $133.33
40000 $312.44 $390.93 700000 $87.57 $130.70
50000 $264.74 $335.73 800000 $85.87 $128.73
60000 $232.94 $298.93 900000 $84.54 $127.20
70000 $210.23 $272.64 1000000 $83.48 $125.97
80000 $193.19 $252.93 1100000 $82.62 $124.97
90000 $179.94 $237.60 1200000 $81.89 $124.13
100000 $169.34 $225.33 1300000 $81.28 $123.42
110000 $160.67 $215.29 1400000 $80.76 $122.82
120000 $153.44 $206.93 1500000 $80.30 $122.29
130000 $147.33 $199.85 1600000 $79.91 $121.83
140000 $142.09 $193.79 1700000 $79.55 $121.42
150000 $137.54 $188.53 1800000 $79.24 $121.06
160000 $133.57 $183.93 1900000 $78.96 $120.74
170000 $130.06 $179.87 2000000 $78.71 $120.45
180000 $126.94 $176.26 2100000 $78.49 $120.19
190000 $124.15 $173.04 2200000 $78.28 $119.95
200000 $121.64 $170.13 2300000 $78.09 $119.73
210000 $119.37 $167.50 2400000 $77.92 $119.53
220000 $117.31 $165.11 2500000 $77.76 $119.35
230000 $115.42 $162.93 2600000 $77.61 $119.18
240000 $113.69 $160.93 2700000 $77.48 $119.02
250000 $112.10 $159.09 2800000 $77.35 $118.87
260000 $110.64 $157.39 2900000 $77.23 $118.74
270000 $109.28 $155.82 3000000 $77.12 $118.61
280000 $108.01 $154.36 3100000 $77.02 $118.49
290000 $106.84 $153.00 3200000 $76.92 $118.38
300000 $105.74 $151.73 3300000 $76.83 $118.28
310000 $104.72 $150.54 3400000 $76.75 $118.18
320000 $103.76 $149.43 3500000 $76.67 $118.08
330000 $102.85 $148.38 3600000 $76.59 $118.00
340000 $102.00 $147.40 3700000 $76.52 $117.91
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3800000
360000
370000
380000
390000
400000
410000
420000
430000
440000
450000
460000
470000
480000
$100.44
$99.73
$99.05
$98.40
$97.79
$97.21
$96.66
$96.13
$95.62
$95.14
$94.68
$94.24
$93.82
$145.60
$144.77
$143.98
$143.24
$142.53
$141.86
$141.22
$140.60
$140.02
$139.46
$138.93
$138.42
$137.93
3900000
4000000
4100000
4200000
4300000
4400000
4500000
4600000
4700000
4800000
4900000
5000000
5100000
$76.39
$76.33
$76.27
$76.21
$76.16
$76.11
$76.06
$76.02
$75.97
$75.93
$75.89
$75.85
$75.81
$117.76
$117.69
$117.62
$117.56
$117.50
$117.44
$117.38
$117.33
$117.28
$117.23
$117.18
$117.14
$117.09
Table III 1 Cost Modeling for monolithic technology and MOST standard
Monolithic Technology MOST Standard
Yield 0.2 Million 1 Million 5 Million 0.2 Million 1 Million 5 Million
1.00% $565.30 $527.14 $519.51 $1,204.50 $1,160.34 $1,151.51
2.00% $306.50 $268.34 $260.71 $629.85 $585.69 $576.86
3.00% $220.23 $182.07 $174.44 $438.30 $394.14 $385.31
4.00% $177.10 $138.94 $131.31 $342.53 $298.37 $289.53
5.00% $151.22 $113.06 $105.43 $285.06 $240.90 $232.07
10.00% $99.46 $61.30 $53.67 $170.13 $125.97 $117.14
15.00% $82.21 $44.05 $36.41 $131.82 $87.66 $78.83
20.00% $73.58 $35.42 $27.79 $112.67 $68.51 $59.67
25.00% $68.40 $30.24 $22.61 $101.17 $57.01 $48.18
30.00% $64.95 $26.79 $19.16 $93.51 $49.35 $40.52
35.00% $62.49 $24.33 $16.70 $88.04 $43.88 $35.05
40.00% $60.64 $22.48 $14.85 $83.93 $39.77 $30.94
45.00% $59.20 $21.04 $13.41 $80.74 $36.58 $27.75
50.00% $58.05 $19.89 $12.26 $78.19 $34.03 $25.19
55.00% $57.11 $18.95 $11.32 $76.10 $31.94 $23.10
60.00% $56.33 $18.17 $10.53 $74.36 $30.20 $21.36
65.00% $55.66 $17.50 $9.87 $72.88 $28.72 $19.89
70.00% $55.09 $16.93 $9.30 $71.62 $27.46 $18.63
75.00% $54.60 $16.44 $8.81 $70.52 $26.36 $17.53
80.00% $54.17 $16.01 $8.38 $69.57 $25.41 $16.57
-55-
Table 1112 Yield Dependence for monolithic technology and MOST standard
$101.20 $146.47 $76.45 $117.84350000
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